INTRODUCTION
The indoleamine serotonin (5-hydroxytryptamine; 5-HT), is an important neurotransmitter in the central nervous system. Different types of serotonin receptor have been recognised and their number is still increasing. Except for 5-HT3 receptors, which are ligand-gated ion channels, all the other serotonin receptors classified so far belong to the large family of receptors interacting with Gproteins. 5-HT1 receptors are negatively coupled to adenylate cyclase, inhibiting the formation of cyclic AMP. The 5-HT2 receptors are positively coupled to phospholipase C and stimulate phosphatidyl inositol *Department of Ophthalmology, Link0ping University, S-581 85 Link6ping, Sweden. tTo whom all correspondence should be addressed [Tel: 446-13-222300; Fax: 446-13-223065] . Abbreviations: AMP, adenosine monophosphate; 5-CT, 5-carboxyamidotryptamine; DOI, 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane; GABA, gamma-aminobutyric acid; 5-HT, 5-hydroxytryptamine; LY53857, 4-isopropyl-7-methyl-9-(2-hydroxy-l-methylpropoxycarbonyl-4,6,6A,7.8,9,10,10A-octahydroinodolo(4,3FG)); 5-MeO-T, 5-methoxytryptamine; ~t-Me-5-HT, ct-methyl-5-hydroxytryptamine; 2-methyl-5 -HT-hydroxytryptamine; PHS, Pharmacia eye irrigating solution.
metabolism with an increase in inositol 1,4,5-triphosphate production. The 5-HT 4 receptors stimulate cyclic AMP formation and may also cause a decrease in K ÷ conductance. The 5-HT5 receptor types are structurally different to the other serotonin receptors and their secondary messenger systems have yet to be defined. The 5-HT6 and 5-HT7 receptors stimulate adenylate cyclase but are structurally different from the 5-HT4 receptors. For a review, see, for example, Martin & Humphrey (1994) and Boess & Martin (1994) . Despite low endogenous levels (Flor6n & Hansson, 1980; Osborne et al., 1982) , serotonin seems to play a neurotransmitter role in the mammalian retina as observed initially in studies of isolated rabbit retina by Ames & Pollen (1969) . Serotonin is taken up by the photoreceptors and appears also to be produced by the photoreceptors in the rat retina (Cahill & Besharse, 1995; Redburn & Churchill, 1987; Redburn & Mitchell, 1989) . In the chicken retina, the circadian activity of the enzyme tryptophan hydroxylase, which is the rate-limiting enzyme of serotonin production, is probably localised in the photoreceptors (Thomas et al., 1993) .
The rabbit neural retina has been shown to possess 5-HT1, 5-HT2 and 5-HT3 receptor sites (Blazynsky et al., 2495 2496 R. BRAGADOTTIR et al. 1985 Cutcliffe & Osborne, 1987; Mitchell & Redburn, 1985; Osborne & Ghazi, 1991 , 1990 Brunken et al., 1993) . Recently, 5-HT2 receptors have been shown to be present in cultured retinal pigment epithelial cells of the rat (Osborne et al., 1993) and 5-HTt receptors in cultured human retinal pigment epithelial cells (Nash & Osborne, 1995) .
The retinal pigment epithelium (RPE), which is a monolayer of cells in intimate contact with the photoreceptors, serves as the major exchange pathway for metabolites and electrolytes between the choriocapillaris and the neural retina (Miller & Steinberg, 1982; Noell, 1963; Steinberg & Miller, 1979) . Also, the RPE cells phagocytose rod and cone outer segments that have been shed (Young & Bok, 1969) . For the RPE to satisfy the needs of the photoreceptors properly, it seems likely that there are messenger systems between the neural retina and the RPE.
The standing potential of the eye (SP) (Noell, 1953 ) and the positive component of the c-wave of the direct current electroretinogram (d.c. ERG) as well as the transepithelial potential (TEP) originate primarily in the RPE Steinberg et al., 1970) . The negative component of the c-wave, the slow PIII, is generated by the Mtiller cells (Karwoski & Proenza, 1981; Witkovsky et al., 1975) .
The present study was undertaken to investigate the effects of serotonin on the d.c. ERG and the SP of the albino rabbit eye. To analyse further the changes in cwave amplitude, in vivo intraretinal microelectrode experiments were performed. The effects on the d.c. ERG and on the SP of the serotonin agonists 5-methoxytryptamine (5-Met-T), 2-methyl-5-hydoxytryptamine (2-methyl-5-HT), ~-methyl-5-hydoxytryptamine (~-Me-5-HT), 5-carboxyamidotryptamine (5-CT), 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) and 5-CT, as well as the serotonin antagonists LY53857 and tropisetron, were also studied.
MATERIALS AND METHODS
The corneal d.c. ERG and the SP were recorded in albino rabbits during intravitreal perfusion with 5-HT and 5-HT analogues. In vivo intraretinal microelectrode recordings were performed in eyes of albino rabbits during intravitreal perfusion with 5-HT.
General anaesthesia was induced and maintained with a continuous intravenous infusion of sodium pentobarbital (20-30 mg/hr). In the microelectrode recordings, the rabbits were intubated through a tracheotomy and artificially ventilated at 45 strokes/min with room air of 20 ml/stroke. To achieve muscle relaxation, intravenous pancuronium bromide (0.2 mg/kg/hr) was given. Both pupils were dilated with topical atropine 1% and phenylephrine hydrochloride 10%.
At the end of each experiment, the animals were euthanised with a lethal dose of pentobarbital. The experiments conformed to the general recommendations of the Association for Research in Vision and Ophthal- 
Corneal ERG and SP recordings
The method of ERG and SP recording combined with simultaneous intravitreal perfusion was previously described by Textorius et al. (198'6) and Jarkman (1988) . After unilateral partial vitrectomy was performed, a concentric double cannula for the intravitreal perfusion was inserted into the eye. The eye was perfused with a control solution (Pharmacia eye irrigating solution, PHS; Table 1 ) at a rate of 25 ml/hr during the remaining preparations and the succeeding dark adaptation. The infusion chamber and the drainage vessel were arranged to keep the intraocular pressure normal. The contralateral eye was left intact and served as a control. The corneal d.c. ERG and the SP were recorded from both eyes. Scleral contact lenses and a reference chamber were connected to matched calomel half cells by saline-agar bridges. The signals were passed through a pre-amplifier and a low-drift d.c. amplifier, and were processed and stored with in-house PC software. The d.c. ERG was recorded every 3 min during the experiments in response to a light stimulus of 1 sec duration. The intensity of stimulus light, produced by a 150 W halogen lamp, was 2 log units below the maximum output (6.8 × 104 lux at the contact lens surface). The SPs were monitored continuously on a two-channel pen-writing recorder. See Fig. 1 for the experimental set-up.
After 30 min of dark adaptation, the recordings were started. Sixty to 90 min later, PHS was replaced by 5-HT, dissolved in PHS. Following 60 min of perfusion with 5-HT, the eye was again perfused with PHS. Sixty to 90 min thereafter, the experiment was either terminated or continued for a further perfusion cycle with 5-HT and PHS. The concentration of 5-HT was 25, 120 or 200 #M. The same procedure was applied when testing the effect of the serotonin agonists ~-Me-5-HT, DOI, 2-methyl-5-HT, 5-MeO-T and 5-CT. The concentrations of the substrates needed to achieve an effect were approximated (measured in mg/ml). This resulted in the final molecular concentrations given in the figures and tables in the Results section. When testing the serotonin antagonists LY53857 and tropisetron, the initial PHS perfusion period was first followed by perfusion with the antagonist alone for 60 min, then by a solution with both the antagonist and 5-HT for 60 min, and finally by a PHS perfusion period of 60-90 min. The mean amplitudes of 
Intraretinal recordings
The method of intraretinal microelectrode recordings combined with simultaneous intravitreal perfusion has recently been described . After the head of the animal was stabilised in a holder, additional local infiltration anaesthesia (2% mepivacaine) was given in the upper eyelid. The upper eyelid, the nictitating membrane and part of the upper orbital rim were excised. The conjunctiva and Tenon's capsule were incised at the upper fornix and dissected anteriorly to the limbus. The superior rectus muscle was cut at its insertion. A semicircular ring, which was fixed to the holder of a hydraulic microdrive system (Model 607W, David Kopf Instruments, Tujunga, CA, U.S.A.) was attached to the conjunctiva. A silver/silver chloride reference electrode was placed behind the eye through a small incision at the inferotemporal fornix. After a cannula for the microelectrode was introduced into the vitreous cavity through a sclerotomy at 12 o'clock, vitrectomy was performed through a 1.5 mm scleral trephination at 2 o'clock, 3 nun behind the limbus. A concentric double cannula for the intravitreal perfusion was then inserted into the eye through the 2 o'clock opening. A thin chlorided silver wire, which was placed in the anterior vitreous cavity through an inferonasal scleral puncture performed with a 27 gauge needle, served as a vitreal electrode.
A borosilicate glass tube (1.0mm in diameter, Hilgenberg, Malsfeld, Germany) was pulled in a Brown-Flaming micropipette puller (Model P-80C, Sutter Instrument Co., San Francisco, CA, USA) to yield a micropipette with a tip 2.0-2.5 #m in diameter. To serve as a microelectrode, this micropipette was then filled with 5 M potassium acetate and bevelled to a resistance of approximately 2-4 M~.
The microelectrode was introduced into the vitreous cavity through the cannula previously inserted into the eye. The tip of the cannula was directed towards the central part of the retina under ophthalmoscopic control. The microelectrode and the vitreal electrode were both referenced to the same reference electrode behind the eye. After 90 min of dark adaptation, recordings were started during intravitreal perfusion with PHS, and the microelectrode was slowly advanced with the hydraulic microdrive. From the moment the microelectrode touched the retinal surface, noticeable as a fairly strong pulsating signal, vibration pulses produced by a motordriven metal tap were given to facilitate the penetration of the electrode through the retina. Recordings were performed every 3 min during the penetration. When the tip of the electrode approached the subretinal space, the electrode was moved in much smaller steps to achieve the subretinal position. Each session of retinal penetration was completed when the tip of the microelectrode penetrated the choroid. After three sessions of retinal penetration had been accomplished, the perfusion solution was changed from PHS to 5-HT (200 #M). Sixty minutes later, another three sessions of retinal penetration were performed during intravitreal perfusion with 5-HT.
The light source and the stimulus intensity were the same as those used when recording the corneal ERG. The stimulus duration was 4 sec. After pre-amplification, the signals from the microelectrode and the vitreal electrode passed through the d.c. amplifier and were processed and stored in a PC. In response to the light stimuli, the TEP was recorded between the microelectrode in the subretinal space and the reference electrode behind the eye. The vitreal ERG was simultaneously recorded between the vitreal electrode and the reference electrode behind the eye. These two responses were subtracted to yield the trans-retinal potential (slow PHI). The amplitudes of the TEP and slow PIII were measured from the isoelectric 
RESULTS
During the first perfusion period with PHS, the experimental eye showed significantly lower b-and cwave amplitudes than the control eye, while no significant difference was found regarding the a-wave amplitude (Fig. 3) .
The results of the experiments with 5-HT and the 5-HT agonists are summarised in Table 2 was reversibly elevated (Fig. 4) . This effect was shown to be not only reversible but possibly also repeatable [ Fig.  5(a) ]. Figure 6 shows d.c. ERG recordings of the experimental eye and the control eye in one of the experiments in response to light stimulus during the preceding PHS perfusion period, then during perfusion with 5-HT at a concentration of 200/~M and finally in the succeeding perfusion period with PHS. The SP level increased with increasing 5-HT concentration, although not significantly at 25 and 120/aM concentrations, but at 200 #M the SP increased significantly, an effect which was not reversed by returning to the control solution (Fig.  7) . In the microelectrode experiments, where 5-HT at a concentration of 200 #M was used, the c-wave amplitude increased significantly (P < 0.01, n = 3). Recordings with the microelectrode in the subretinal space showed that the TEP increased (P < 0.01), while the slow PIII was not significantly affected (P > 0.05) (Fig. 8) .
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All the serotonin agonists tested, except for 5-CT, caused a significant reversible elevation of the c-wave. 5-MeO-T increased the c-wave amplitude at 176#M concentration. With 2-methyl-5-HT at 163/~M, a significant c-wave increase was found, ct-Me-5-HT caused an elevation of the c-wave amplitude at 326 #M, which was significant. DOI caused a significant effect at 70/~M, which was not further increased with a higher concentration. The a-wave amplitude was elevated by the 5-HT4 receptor agonist 5-MeO-T, but this effect was not The SP was significantly elevated by the 5-HT agonists tested, except for DOI and CT. For the 5-HT 4 agonist 5-MeO-T, the SP also showed a tendency towards an increase after the perfusion was changed to control solution. After perfusion with the 5HT3 agonist 2-methyl-5-HT, the SP decreased non-significantly when changing back to control solution. For the 5-HT2 agonists ~-Me-5-HT and DOI, the SP decreased significantly when changing to control solution after perfusing the vitreous cavity with the agonist (Fig. 10) . albino rabbit eye. This is in accordance with previous results from our laboratory Jarkman, 1989 Jarkman, , 1992 . The surgical procedures and possibly the intraocular irrigation seem to lower the amplitudes of the b-and c-waves. In both the control eye and the experimental eye, the b-and c-wave amplitudes increased successively during the experiments. This increase was most marked during the first hours of each experiment. This may reflect the slow dark adaptation, which takes several hours in the rabbit eye (Elenius, 1958) . Therefore, non-reversible increases in the b-and c-wave amplitudes in the experimental eye, unless prominent, cannot solely be regarded as an effect of the substance tested. However, changes in the ERG components observed during perfusion with a test solution which can then be reversed by changing back to the control solution are regarded as an effect of the substance tested. (Steinberg et al., 1983) . Recent evidence indicates that in the bovine RPE, the delayed basal hyperpolarisation is generated by a decrease in conductance of cyclic AMP-dependent chloride channels in the basal membrane (Bialek et al., 1995; Joseph & Miller, 1991) and that the light peak is generated by a conductance increase in a different chloride channel at the basal membrane, most probably calcium-dependent (Gallemore & Steinberg, 1993) . 5-HT2 receptor activation stimulates phosphatidyl inositol metabolism, which in turn causes a release of calcium from intracellular stores. In the present study, the 5-HT2 receptor agonists ~-Me-5-HT and DOI elevated the cwave amplitude. The cells of the RPE are connected by tight junctions, which make the apical and basal membranes functionally separate and the epithelium polarised . The apical side is more hyperpolarised than the basal side and this difference gives rise to the SP (Steinberg et al., 1985) . In the present study, together with the c-wave elevation, there was a simultaneous increase of the SP with serotonin and all the agonists tested except the 5-HT1 agonist. Although the effect on the SP level was not reversible, the SP increased with increasing 5-HT concentration, which indicates an effect on the RPE. In the arterially perfused cat eye, serotonin has also been shown to increase the c-wave and the SP (Dawis & Niemeyer, 1988) . This covariation of the cwave and the SP indicates that there is a depolarisation of the basal RPE membrane together with a simultaneous reduction of basal membrane resistance (Linsenmeier & Steinberg, 1987) .
DISCUSSION
The 5-HT4 receptor agonist 5-MeO-T also caused an elevation of the c-wave and the SP, whereas the 5-HT1 receptor agonist 5-CT did not. 5-CT is a selective 5-HT1 agonist with a higher affinity than 5-HT itself (Boess & Martin, 1994) . In our study, we used 5-CT at a higher concentration than the highest 5-HT concentration used, but without an effect on the d.c. ERG. This suggests that the effect of 5-HT on the RPE is not mediated by 5-HT1 receptors. Activation of 5-HT4 receptors stimulates cyclic AMP formation. This is in accordance with the results from recent work in our laboratory, where a cyclic AMP agonist was shown to elevate the c-wave amplitude of the rabbit eye . The results presented above indicate that stimulation, both of the cyclic AMP pathway and of the phosphatidyl inositol metabolism, may be involved in the 5-HT responses of the rabbit RPE.
The degree of selectivity of the serotonin receptor agonists is of importance. The 5-HT4 agonist 5-MeO-T is devoid of activity on 5-HT 3 receptors but can stimulate other serotonin receptors, except the 5-HT4 subtype. 2-methyl-5-HT, considered to be a 5-HTa-selective receptor agonist, which caused an elevation of the c-wave amplitude, is not highly selective, however, because it has also an affinity for 5-HT2 receptors. For a review, see Boess & Martin (1994 ), Humphrey et al. (1993 , Martin & Humphrey (1994) and Saudou & Hen (1994) . The 5-HT 3 antagonist tropisetron, which is considered to be more selective than the 5-HT 3 agonist, did not block the serotonin effect on the c-wave amplitude. This suggests that the effect of the 5-HT 3 agonist was non-specific, i.e., mediated by another type of serotonin receptor. However, the possibility that the tropisetron concentration might have been too low to block a selective effect on the 5-HT3 receptor cannot be excluded. The 5-HT2 antagonist LY53857 had an effect of its own on the d.c. ERG. When using the serotonin agonists at relatively high concentrations, there is a risk that the effects obtained are non-specific. However, DOI showed an effect at a low concentration and the other 5-HT2 agonist tested, a-Me-5-HT, also had an effect at a low concentration. Thus, the effects of the 5-HT3 and the 5-HT4 agonists may possibly result from an effect on 5-HT: receptors which have been shown to be present in cultured RPE cells of rat (Osborne et al., 1993) .
In the present study, the b-wave increased nonreversibly in both the experimental and the control eye, indicating that the b-wave elevation was mainly due to the dark adaptation process. However, the 5-HT3 agonist caused a significant and reversible b-wave elevation. In addition, for all serotonin concentrations tested, there was a small and non-significant tendency towards a reduction of the b-wave when returning to PHS. For the 5-HT2 receptor agonists, the b-wave reduction was significant. This indicates an effect of serotonin on the inner retina. Our study does not allow a closer analysis of the effect on the b-wave.
In conclusion, serotonin was shown to affect the d.c. ERG c-wave by direct influence on the RPE. 5-HT2 receptors, which have been shown to be present in cultured rat RPE cells (Osborne et al., 1993) , appear to be present in the rabbit RPE, whereas 5-HT1 receptors, found in cultured human RPE cells (Nash & Osborne, 1995) , do not seem not to be present in the rabbit RPE according to our results. In addition, serotonin agonists showed effects on the neural retina as well. Additional studies are needed to analyse further the serotonin receptor types involved in the retina-RPE interaction.
